Brain is the most lipid-rich tissue in mammals, and lipid metabolism disorders often have prominent neurological manifestations. For example, it has been suggested that Alzheimer's disease (AD) is caused by a disorder of lipid metabolism, and this suggestion is supported by several general observations. One such observation is that elevated levels of lipid oxidation products are consistently found in AD ( 1 ) . The oxidation products most closely associated with AD include various eicosanoids and chemically reactive aldehydes that are derived from arachidonic acid (AA) chains (2) (3) (4) (5) (6) . In vitro studies have demonstrated that AA oxidation products may be produced by the action of amyloid ␤ proteins on lipid membranes ( 7 ) , and that these products in turn promote amyloid fi bril formation (8) (9) (10) (11) .
Another general observation is that docosahexaenoic acid (DHA) levels are low in AD (12) (13) (14) (15) , and dietary DHA appears to be protective ( 16, 17 ) . The neurological consequences of DHA defi ciency ( 18 ) and the benefi ts of DHA intake (19) (20) (21) (22) (23) have also been demonstrated in mice, which have metabolic mechanisms to conserve and retain DHA during nutritional defi ciency ( 24 ) . However, not all models or protocols have found DHA to have a benefi cial effect ( 25, 26 ) . In contrast to the amyloidogenicity of an AA oxidation product, the corresponding oxidation product of DHA is not amyloidogenic ( 27 ) .
An important step toward a deeper understanding of these observations is the development of means to quantify the phospholipid species containing AA and DHA Abstract Phospholipids containing polyunsaturated fatty acyl chains are prevalent among brain lipids, and regional differences in acyl chain distribution appear to have both functional and pathological signifi cance. A method is described in which the combined application of GC and multiple reaction monitoring (MRM) MS yielded precise relative quantitation and approximate absolute quantitation of lipid species containing a particular fatty acyl chain in milligramsized tissue samples. The method uses targeted MRM to identify specifi c molecular species of glycerophosphocholine lipids, glycerophospho-ethanolamine lipids, glycerophosphoinositol lipids, glycerophosphoserine lipids, glycero-phosphoglycerol lipids, and phosphatidic acids that contain esterifi ed arachidonate (AA) and docosahexaenoate (DHA) separated during normal phase LC/MS/MS analysis. Quantitative analysis of the AA and DHA in the LC fractions is carried out using negative ion chemical ionization GC/MS and stable isotope dilution strategies. The method has been applied to assess the glycerophospholipid molecular species containing AA and DHA in microdissected samples of murine cerebral cortex and hippocampus. Results demonstrate the potential of this approach to identify regional differences in phospholipid concentration and reveal differences in specifi c phospholipid species between cortex and hippocampus. These differences may be related to the differential susceptibility of different brain regions to neurodegenerative disorders. -Axelsen, P. H., and R. C. Murphy. Quantitative analysis of phospholipids containing arachidonate and docosahexaenoate chains in microdissected regions of mouse brain. J. Lipid Res . 2010. 51: 660-671.
Technology Corp., Eatontown, NJ). The mass of the dissected tissue samples ranged from 2.0 to 4.5 mg, and they were stored at Ϫ 80°C for up to 1 month before processing. Other than a brief period during weighing, tissue samples continuously remained frozen in liquid nitrogen ( Ϫ 196°C), dry ice ( Ϫ 78°C), or a freezer ( Ϫ 80°C) until extracted.
Lipid isolation and chromatographic separation
Extraction was preceded by pulverizing the frozen samples in the bottom of the autosampler vial under liquid nitrogen with a Tefl on pestle. Extraction was performed within the original vial using a modifi ed Bligh-Dyer procedure. For tissue pieces from cerebral cortex and hippocampus (all weighing between 2.0 and 4.5 mg), a monophasic mixture of 400 l methanol, 200 l dichloromethane, and 160 l of 5 mM ammonium acetate was added to the ground tissue, and the sample was sonicated with a tip sonicator for 60 s. Another 200 l of dichloromethane and 160 l of water were added to this monophasic homogenate, along with 10 l/mg tissue of an internal standards mixture (see Table 1 for composition). This mixture was vortexed for 15 s, and the two resulting phases were clarifi ed by brief low speed centrifugation. The lower phase ( ‫ف‬ 350 l) was withdrawn and transferred to an autosampler vial with a PTFE lined cap (9532S, Microsolv Technology Corp., Eatontown, NJ) where it almost completely fi lled the vial. All extracts were kept at 5°C while in the autosampler awaiting analysis.
Aliquots (10 l) of each extract were injected onto a 4.6 × 250 mm silica column (Rx-SIL, Agilent), through which solvents were pumped at 1 ml/min. Solvent A was 30 parts hexanes and 40 parts isopropanol; solvent B was 30 parts hexanes, 40 parts isopropanol, and 7 parts 11 mM ammonium acetate in water. Solvent B was increased linearly from 30% to 98% over 10 min and was held at 98% for 15 min. The column was reequilibrated with 30% solvent B for at least 5 min before another sample was injected. Column effl uent was directed into a high precision fl ow splitter (Analytical Scientifi c Instruments, El Sobrante, CA) with precisely 25% of the effl uent directed into the standard ESI source for LC/MS/MS analysis and 75% collected in fractions for GC/MS analysis.
MS
Two multiple reaction monitoring (MRM) analytical methods were developed using an ABI 4000 QTrap mass spectrometer (Toronto, Canada). One method monitored a set of collisioninduced mass transitions in the negative ion mode corresponding to the production of AA anions ( m/z 303. . Each method divided the chromatographic separation into four periods, described below in detail. For all transitions, the dwell time was 100 ms, the source voltage was -4500 V, the collision voltage was -40 V, the collision gas was set to "medium", the resolution for both the fi rst and third quadrupoles were set to "unit", and a drying gas at 300°C was applied to the spray. Transition peaks were integrated using Analyst 1.4.2 software, although all integrations were visually reviewed and many were adjusted manually.
GC/MS was performed with a 30-m (30-m × 0.2-mm inner diameter × 0.25-µm fi lm thickness) ZB-1 polydimethylsiloxane capillary gas chromatograph column (Phenomenex, Torrance, CA) attached to a ThermoFinnigan (San Jose, CA) Trace DSQ mass spectrometer. The injector temperature was maintained at 230°C, and the transfer line was kept at 290°C. The mass spectrometric experiments were performed in negative CI mode (70 eV) with a chains in brain tissue. It is relatively easy to separate phospholipid classes by headgroup and quantify acyl chain content ( 28, 29 ) , even in specifi c brain regions ( 30 ) , but this approach does not resolve differences among lipid species that may be signifi cant. Positive ion mass spectrometric analysis by headgroup provides quantitative precision and some resolution of species but cannot unambiguously identify species containing AA and DHA ( 31 ). Han et al. ( 32 ) described an internally standardized, negative mode MS approach for the analysis of phosphatidylethanolamine (PE) species in human and mouse brain, although the use of direct infusion and single-quadrupole analysis precluded unambiguous identifi cation of species containing AA and DHA. A high-throughput procedure for quantifying plasmalogens in blood plasma by negative mode MS has also been described, although its sensitivity was not reported and it was designed to focus on only relatively few species ( 33 ) .
This study was undertaken to develop a micro-scale method for identifying and quantifying polyunsaturated phospholipid molecular species and to document regional differences in brain tissue. Emphasis was placed on identifying concentration differences in adjacent brain regions that differ in function and in their susceptibility to the neurodegenerative processes associated with oxidative stress in AD.
MATERIALS AND METHODS

Key compounds and reagents
The following synthetic phospholipid standards were obtained 
Brain dissection
Three 9-month old 129S6/SVEV female mice (Taconic Farms, Inc., Hudson, NY) were euthanized by cervical dislocation. They were fed PMI type 5001 rodent chow ad libitum, and each mouse weighed approximately 20 g. Each brain was removed and frozen on dry ice within 5 min postmortem. Regions of interest were dissected from 1-mm-thick unstained coronal slices of middiencephalon while frozen under a dissecting microscope with the aid of a joystick micromanipulator (Eppendorf Transferman NK2, Westbury, NY). The two regions of interest in this work were the hippocampus (including dentate gyrus) and an adjacent portion of cerebral cortex of comparable size. One region was dissected from each brain hemisphere, yielding a total of six samples of hippocampus and six samples of cerebral cortex. lipid species with the same headgroup would elute at approximately the same times.
Quantitative results: synthetic standards
A mixture of 12 phospholipid standards was examined to characterize the elution characteristics of the silica column and normal phase solvent system. Based on the elution times of the major headgroup classes, the chromatography system described above in "Methods" was divided into four periods ( Fig. 2 Ϫ ions, so only the former were monitored. To assess extraction effi ciency, aliquots of the standard mixture were subjected to the extraction procedure described above, and transition signals corresponding to each standard species were measured in both the upper (aqueous) and lower (organic) phase. Results suggested that extraction effi ciency was >88% in all cases, and >99% in all but 4 cases ( Table 1 ).
The fatty acyl chains at the focus of this study, AA and DHA, are highly vulnerable to oxidative damage, so special precautions were taken to protect both synthetic standards and samples. These included grinding the samples under liquid nitrogen, the use of dicholoromethane instead of choloroform to avoid exposure of lipids to phosgene, and a minimum of solution transfers. Transitions 16 and 32 Da greater than that of the AA and DHA standards (i.e., the monooxidized and peroxidized products) were monitored in the synthetic standard mixture and in brain. Only insignifi cant trace amounts were found.
To assess the suitability of the synthetic standards as internal standards for quantitative MS, a nominally equimolar mixture of the 12 standards was examined several times over a period of 4 weeks. This mixture was subjected to normal phase chromatography and MRM analysis as described above, and signal responses were corrected for 13 C content. The fresh mixture yielded highly reproducible results and demonstrated that the AA-containing PE standard yielded 21.1-fold more signal than the AA-containing PI standard. Corresponding values for AA-containing PA and PS standards, as well as for the DHA-containing standards, are listed in Table 3 .
Between analyses, the mixture was stored in plasmacleaned autosampler vials at Ϫ 80°C. After 4 weeks, the MRM transition signals were reexamined, and the signal responses from PG, PI, PE, PA, and PC standards were found to have decreased relative to the signals obtained for the PS standards. The losses ranged between 30% and 70%, with the greatest losses occurring in the PC standards. Losses of the PS standards were not assessed. Relative losses of similar magnitude were observed whether or not the vials had been plasma cleaned. The reason for these losses is not known but may involve the adherence of lipids in dilute solution to glass walls of the vial, glass-induced source temperature of 200°C. Helium was used as the carrier gas, with a constant fl ow rate of 0.8 ml/min. Phospholipid fractions for GC/MS analysis were saponifi ed with 1 M NH 4 OH, mixed with d8-AA and d5-DHA internal standards, esterifi ed with pentafl uorobenzyl bromide in N,N-diisopropylethylamine, and extracted into isooctane as described previously ( 34 ) . A standard curve for converting the internal standard signals to concentration was prepared with solutions of neat AA and DHA in methanol that were derivatized in the same manner.
Data analysis
The integrated signal for each monitored mass transition was corrected for 13 C content and processed as described in "Results." Quantitative sensitivity varied with the inherent diffi culty of detecting lipid species in some headgroup classes and the amounts of these headgroup classes present in the brain. In addition, the results were subject to several assumptions that render them somewhat approximate. One assumption was that AA and DHA chains always occupied the sn2 position, as in the synthetic standards. However, lipids may have these chains in the sn1 position, they may have both an AA and a DHA chain, and they may even have two AA or two DHA chains. Precise corrections for these uncertainties are not available. When a lipid species has two AA or DHA chains, these species will be overcounted by a factor of 1 + r , where r is an sn1 / sn2 ratio listed in Table 1 . The numerical results provided for these species represent the measured values divided by this factor. No attempt was made to correct for differences in ionization effi ciency due to differences in mass or due to differences between ether-linked and acyl-linked sn1 chains.
RESULTS
Qualitative results: brain tissue
Simple mass spectra of brain tissue extracts are illustrated in Differences between brain regions were discernable in these spectra, but relatively few lipids containing AA or DHA could be positively or uniquely identifi ed, and quantitative reproducibility was poor at this level of mass spectrometric analysis. Chromatographic separation of most any type would help overcome these problems by delivering lipid species at characteristic elution times and reducing ion suppression. Normal phase separation on a silica column was chosen for further studies, because tissue extracts could be injected without further processing and Brain extracts without internal standards were also examined for naturally occurring species with the same mass transitions as the internal standards. None of the transitions involving the collision-induced production of 17:0 heptadecanoate or 21:0 heneicosanoate anions from internal standard parent ions yielded measurable signal, but some of the transitions corresponding to AA and DHA anions from internal standards yielded signifi cant peaks. Presumably, these peaks arose from phospholipids containing O-linked 18:0 and 22:0 sn1 chains. Therefore, the expected signal for transitions yielding 20:4 and 22:6 chains from internal standards were calculated by dividing the signal obtained for transitions yielding 17:0 and 21:0 chains by the measured sn1 / sn2 ratios listed in Table 1 . The differences between the calculated signal for transitions yielding 20:4 and 22:6 chains, and the measured signal for these transitions, were attributed to the corresponding O-linked species (these corrections were typically very minor).
The total ion chromatogram obtained by injecting approximately 3% (10 l) of the brain extract is shown in Fig. 2 . The chromatogram was qualitatively similar whether transitions corresponding to AA-containing lipids or those corresponding to DHA-containing lipids were monitored, chemical decomposition, or oxidative damage. In any case, the losses precluded their use as reference standards. Nevertheless, they were useful as internal standards to correct for sample-sample variation.
Extracts without added internal standards were initially examined with negative ion precursor scans for m/z 303.2 and m/z 327.3 ions to identify which molecular species containing AA and DHA, respectively, were present in the brain tissue, as well as to develop a list of mass spectral ion transitions for monitoring in the tandem mass spectrometer experiment. When a precursor ion peak eluted at a time characteristic of one headgroup and had a mass expected for a known phospholipid species bearing that headgroup, it was added to the list of monitored transitions for that headgroup class. The corresponding transition was also added to the list of monitored transitions for each of the other fi ve headgroup classes. Ultimately, transitions for 27 individual species were monitored for each of the six AA-containing subclasses and for each of the six DHAcontaining subclasses. Specifi c tandem mass spectrometric ion transitions are provided as supplementary Table I . 
to PS lipids containing 14:1, 16:1, 20:0, and 22:0 chains were monitored to determine whether the signals recorded for the PS species required correction for cross talk from a 13 C-containing PA species. In each case, the amount of cross talk was found to be negligible, due primarily to the low abundance of the PA species in question.
PG species produced narrow chromatographic peaks at 7.8 min ( Figs. 2 and 3 ) , but abundant signals at m/z 303.2 and 327.2 were also observed at ‫ف‬ 6.3 min ( Fig. 3C ) . The principle contributions to these earlier peaks were from parent ions with m/z 841.6 and 865.5. Negative mode product ion scanning confi rmed that these were triglycerides containing 10:0/20:4/22:6 and 10:0/22:6/22:6 chains, while positive mode product ion scanning yielded no [M Ϫ 171] + ions characteristic of the PG headgroup. An unidentifi ed polymeric material eluted at ‫ف‬ 9.0 min, arising from a broad array of parent ions, and it produced a signifi cant peak irrespective of whether PG species or PI species, or whether AA or DHA product ions were being monitored at that time. Product ion scanning of selected parent ions indicated that 303.2 and 327.2 fragments were although DHA-containing lipids tended to elute 5-10 s before the corresponding AA-containing lipid. Signals arising from PG and PC lipids produced discrete peaks in periods 1 and 4, respectively. PI lipids produced a small peak at 9.5 min in period 2 that partially overlapped with a much larger peak produced by PE lipids at 11.0 min. This overlap did not obscure the identity of species yielding any given transition, however, because all PI species have greater masses than all PE species. Shallower solvent gradients were able to better resolve PI and PE lipids, but they lengthened the overall run, while the gradient illustrated was suffi cient to alleviate ion suppression by PE lipids and maximize sensitivity for PI lipids.
PA and PS transitions coeluted over a broad interval in period 3. The , left axis) . The MRM method for DHA-containing lipids is similar, with only a 10-s leftward temporal displacement. The solvent gradient is also shown (dotted trace, right axis). The method was divided into four periods indicated by intervals P 1 through P 4 . During P 1 only PG transitions were monitored, and the peak is labeled 'PG'. During P 2 , only PI and PE transitions were monitored and the peaks are labeled 'PI' and 'PE'. During P 3 , only PA and PS transitions were monitored, and the broad overlapping peak is labeled 'PA, PS'. During P 4 , only PC transitions were monitored and the split peak is labeled 'PC'. The peak labeled 'N' includes neutral lipids such as triglycerides and cholesteryl esters. The peak labeled 'P' is an unidentifi ed polymer. Intervals over which the fi ve fractions collected for GC/MS analysis are indicated by f 0 through f 4 . , , a n i c is the signal recorded for phospholipid species n in headgroup class a for sample i , and , , a s i c is the signal recorded for an internal standard in the same headgroup class and sample. Primes indicates that the signal has been corrected for 13 C content, FA is the fatty acyl content of the collected column effl uent fraction x for sample i in nmol, w is the mass of tissue sample i in g, 0.75 is the fraction of the column effl uent that was collected by the fraction collector, and 10/350 is the portion of the tissue extract that was injected onto the column. It should be noted that the term in parentheses in equation 1 is constant for all phospholipid species within a headgroup class. Therefore, the relative values of PL n for different sample sets depend only on the count ratio averages ( r a,n ) and are independent of each other.
For PI/PE and PA/PS lipids, data reduction requires information about the relative sensitivity of the MRM method for these headgroup classes, given by the ratios ab s of signals recorded from an equimolar mixture of a lipid in headgroup class a and a lipid in headgroup class b , provided in Table 3 . Assuming that the sum of the signals recorded for all lipid species in a headgroup class, corrected for the sensitivity of the MRM method for lipids in that headgroup class, is proportional to the molar concentration of the lipids in that headgroup class, it follows that a fraction containing lipids in two different headgroup classes may be divided according to: The concentration of an individual phospholipid may then be obtained by substituting either FA a or FA b for FA x,w in equation 1. This analytical approach has various strengths and potential weaknesses that will be discussed below. The one potential weakness we consider at this point is whether all of the AA and DHA chains in each fraction assayed by GC/MS were in phospholipids that corresponded to monitored MRM transitions. The two MRM lists included every fatty acyl chain with an even number of carbon atoms and every plausible number of double bonds, as well as known types of O-linked sn1 chains. Furthermore, the lists were compiled from precursor scans, thereby accounting for every detectable parent produced fortuitously through multiple fragmentations of larger ions.
Quantitative results: brain tissue
A total of six hippocampus and six cortical brain samples weighing between 2.0 and 4.5 mg were analyzed. The tissue pieces were reduced to 350-l extracts, each injection onto the column was 10 l, and precisely 25% of the column effl uent was directed into the mass spectrometer. Therefore, the data was ultimately derived from 14-32 g of tissue. Each extract was injected twice, once for each of the two MRM methods, and each MRM analysis yielded 28 measurements (27 phospholipid species plus transitions arising from the 17:0 or 21:0 chains in the internal standards) for each of six phospholipid headgroup classes, or 6 × 28 × 2 = 336 individual measurements.
The column effl uent was collected in fi ve fractions as indicated in Fig. 2 . The AA and DHA content of each fraction were determined by GC/MS. Results grouped by brain region did not reveal signifi cant differences between regions; therefore, GC/MS results for all 12 tissue samples were averaged and are listed in of the data would obscure the inherent precision of the MRM methods and the real differences in the amounts of individual phospholipid species in different brain regions. Therefore, none of the error in the GC/MS measurements was propagated through to the individual phospholipid results, and it should be understood that the relative quantitative precision with which brain regions may be compared is greater than the absolute quantitative precision. In other words, there is more uncertainty in the vertical scales for each graph than is suggested by the error bars, and this uncertainty may be derived from the data in Table 2 .
Quantitative results: regional differences in brain tissue As might be expected, the predominant species in most headgroup classes had 18:0 and 16:0 acyl-linked chains ( Figs. 5 and 6 ). Most headgroup classes also had significant amounts of 18:1 chains, while the 20:4-PE and 22:6-PE ion yielding AA or DHA product ions. Precursor scans did detect AA and DHA in triglycerides, which eluted in fraction 0 and are included in Table 2 . These scans did not detect any cholesterol esters of AA or DHA that would have also eluted in fraction 0, although these compounds ionize poorly. A targeted MRM method for lysophospholipids containing AA or DHA was created, and none were detected throughout the 24 min elution. Another targeted MRM method for lipids with PI-phosphate headgroups was created. Only trace amounts were detected, so no further attempt to quantify PI-phosphate lipids was made.
It has been reported that CLs in mouse brain tissue have a more diverse array of fatty acyl chains than those in myocardial or skeletal muscle tissue and that AA and DHA chains constitute a signifi cant fraction of these chains ( 35 ) . Therefore, we created a targeted MRM method for a set of synthetic CL standards and the mostly likely CL species based on the reported prevalence of fatty acyl chains in brain CLs. The method assumed that parent ions would be doubly charged. Results showed that synthetic CLs eluted at about the same time as PI and PE lipids. There were minimally detectable signals for several CL species, but they were insuffi cient for meaningful quantitation. These results are consistent with the low reported concentrations of AA and DHA in mouse brain CLs (4-10 nmol/ mg protein) ( 35 ) .
Results by headgroup class are summarized in Fig. 4 . Overall, there were 10.3 mol/g tissue of AA-containing lipids in the tissue extracts, which was somewhat greater than the 8.7 mol/g of DHA-containing lipids. AA and DHA were most abundant in PE lipids but relatively rare in PG and PA lipids. Neutral, PI, and PC lipids contained more AA than DHA, while PE and PS lipids contained more DHA. The greater amount of DHA in PS lipids is consistent with the known preference for DHA chains among enzymes involved in PS headgroup synthesis ( 36 ) .
Quantitative results for individual phospholipid species are summarized in Figs. 5 and 6 . An important feature to note in these fi gures is the high degree of quantitative precision compared with the precision of the GC/MS fatty acid data listed in Table 2 . Ordinarily, the uncertainty of the fatty acid quantitation would be propagated through the equations given above and refl ected in the results for individual phospholipid species. However, this treatment Fig. 4 . Total AA and DHA in the six major headgroup classes and in neutral lipids. The data for neutral (NL), PG, and PC lipids were obtained directly from GC/MS analysis of fatty acyl chains in fractions f 0 , f 1 , and f 4 (see Fig. 1 ). The data for PI, PE, PA, and PS lipids were obtained by dividing the results from GC/MS analysis of fractions f 2 and f 3 as described in the text. There were no signifi cant differences between cerebral cortex and hippocampus, so the results are the average of all 12 brain extracts. species in such samples may be compared with a high degree of precision. Several factors contribute to this precision, beginning with a sample preparation protocol that emphasized ultracold tissue manipulations and the minimization of exposure to oxygen. These precautions are particularly important when focusing on polyunsaturated phospholipids because of their susceptibility to oxidative degradation. The addition of specifi c antioxidants may increase protection to these lipid species, but additives of this type were not included or examined in this study, because so-called antioxidants may also have pro-oxidant activity. Another factor that contributed to the precision of these measurements was the availability of synthetic odd-length internal standards for each headgroup and for each acyl chain type examined. The odd-length chains minimized spectral overlap with natural phospholipid species while coeluting with analytes under normal phase chromatographic conditions. Coelution of internal standards and analytes is advantageous, because it controls for varying degrees of ion suppression by other molecules that may be present in the eluent at any given time.
It should be noted that the relative phospholipid concentrations in the two different sample groups arise from independent measurements. This independence is achieved Among DHA-containing subclasses, all signifi cant differences between brain regions refl ected greater amounts in cortical brain. There were no signifi cant differences detected in the 22:6-PA and 22:6-PE subclasses, but all major phospholipid species in the 22:6-PG, 22:6-PI, 22:6-PS, and 22:6-PC subclasses were signifi cantly greater in cerebral cortex compared with hippocampus.
DISCUSSION
The results demonstrate that a large array of phospholipids may be quantifi ed in milligram-sized samples of brain tissue and that the concentrations of specifi c lipid able reference standards for the phospholipid species being examined. Without reference standards, it is necessary to assume that detection effi ciency was constant within each headgroup class and that the ion signals recorded for each transition are proportional to the concentrations of the species present. Bruegger et al. ( 37 ) showed that detection effi ciency in positive mode precursor scanning was a strong function of lipid mass, and a similar relationship may also apply to the negative mode approach used in this study. In addition, there are uncertainties about the ionization effi ciency of sn2 chains in phospholipids containing O-linked versus acyl-linked sn1 chains, as well as differences in ion yields from the sn1 and sn2 positions ( Table 1 ). Positional differences in ion yields will introduce error into any measurements in which AA and DHA do not occupy the sn2 position as in the internal standard. There were measurable amounts of phospholipids containing two AA chains, two DHA chains, or one of each, so the potential for signifi cant error exists. In situations where a phospholipid has one AA and one DHA chain, it is possible to calculate the fraction in which the AA chain is in the sn1 position (see Appendix). The AA chain occupied the sn1 position in 70-95% of such molecules in the PE, PA, and PS headgroup classes.
by averaging r a,n over the sample groups, but averaging the remaining terms (within the parentheses of equation 1) over all samples. It might appear reasonable instead to average r a,n /r a,sum over each sample group and multiply those averages by the fatty acid content of each fraction. However, that approach either forces the total phospholipid content in different samples to be precisely equivalent or causes real differences between samples to be obscured by experimental uncertainty in the fatty acid content measurements. In contrast, the approach used in this work makes it reasonable to conclude, for example, that the two results for 18:1/20:4-PG in The absolute scale on which we have placed these results is only approximately accurate, for several reasons, including numerical uncertainty in the fatty acid assay results, uncertainty in assigning the fatty acid assay results to lipids from different headgroup classes that coelute, and uncertainty over whether or not signifi cant sources of AA and DHA other than phospholipid exist in each fraction. These problems could have been addressed in various ways, but addressing them would have solved only a small part of the more fundamental problem, the lack of avail- vitro data showing that an AA oxidation product (hydroxynonenal) is amyloidogenic in vitro, whereas the analogous DHA oxidation product (hydroxyhexenal) is not ( 27 ) . The available data on AA and DHA levels in the brain do not clarify whether they are reduced by oxidative degradation and their oxidation products lead to neurodegenerative disease, or whether reduced levels fail to protect other substances in the brain from oxidative damage. It is conceivable that the products of AA oxidation are neurotoxic and that the products of DHA oxidation are less toxic and, hence, protective.
In conclusion, a method has been developed to quantify phospholipid molecular species containing specifi c fatty acyl chains using targeted negative ion MRM-LC/MS/MS techniques. The relative abundance of these molecular species was used to convert the total amounts of AA and DHA in each HPLC fraction obtained by GC/MS into a quantitative assessment of each molecular species. The results of this study facilitate further study of polyunsaturated phospholipids in brain tissue and investigations into the functional and pathological signifi cance of quantitative differences with methods that can distinguish among phospholipid species.
Appendix: Analysis of acyl chain positions in phospholipid isomers containing both AA and DHA Given two isomeric phospholipid species in a mixture bearing the same headgroup, one acyl-linked AA chain, and one acyl-linked DHA chain, we defi ne k = a common proportionality constant. s = the fraction of the isomeric species in which sn1 = AA, i.e.,
and r = sn1 / sn2 (the yield ratio of sn1 and sn2 chains, given in Table 1 Precise relative quantities are of considerable value irrespective of uncertainty in the absolute quantities. As outlined above, such measurements are useful when investigating the role of altered brain lipid metabolism in disease states. For example, the data presented in Figs. 5 and 6 indicate that compared with cortical brain, the mouse hippocampus is relatively enriched in the most abundant species of AA-containing phospholipids, but relatively defi cient in many species of DHA-containing phospholipids and AA-containing PE plasmalogens. These regional differences may refl ect differences in the population of various cell types, such as the well-known enrichment of myelin in plasmalogens ( 38 ) . Brain lipid content may also vary with gender, age, and stage of the estrous cycle in females. These factors were not examined in this work, nor was the distribution of lipid species in various organelle membranes ( 39 ) , which may become apparent when subcellular fractions are examined. It is clear that the approach described herein would enable one to obtain precise results from the minute samples available for such studies.
The observation that PE plasmalogen concentrations are lower in the mouse hippocampus may be signifi cant, because plasmalogen concentrations appear to be relatively low in AD brain ( 32, (40) (41) (42) . Moreover, the region with relatively low plasmalogens concentrations, the hippocampus, tends to be affected by AD pathology earlier in the course of the disease ( 43 ) . In a large population study, circulating plasmalogen levels were observed to decrease prior to the development of AD symptoms ( 33 ) . Plasmalogens as a class are enriched in AA chains ( 38 ) , and many investigators have suggested that plasmalogens have a protective role against oxidative damage (44) (45) (46) (47) (48) (49) (50) by virtue of their own particular susceptibility to oxidation ( 51 ) . A vinyl ether group in the sn1 position of a phospholipid increases the oxidative susceptibility of polyunsaturated AA chains at the sn2 position (52) (53) (54) (55) .
On the other hand, plasmalogen defi ciency may be a direct cause of neurological dysfunction. For example, decreased plasmalogens in a membrane appear to alter some measures of membrane stability ( 56 ) , and the mobility of probes within hippocampal membranes increases in parallel with pathological involvement in AD ( 57 ) . The cause of decreased plasmalogen levels, in turn, may be due to amyloid ␤ protein exposure ( 58 ) , and the consequences of such exposure may be the production of toxic oxidation products from the AA chain ( 7, 27, 59 ) . Thus, it is not clear whether plasmalogens are consumed in the course of AD pathogenesis or are not present in suffi cient quantities to exert an important protective role.
As with AA, plasmalogens are enriched in DHA chains and a vinyl ether group in the sn1 position facilitates the oxidation of polyunsaturated chains in the sn2 position ( 60 ) . Phosphatidylserines are also enriched in DHA chains, because the enzymes that synthesize the PS headgroup prefer substrates containing DHA ( 36 ) . The presence of DHA chains alters the distribution of AA-derived oxidation products ( 61 ) . The signifi cance of such fi ndings in vivo is unknown, but they relate in an interesting way to in Given measured values of r, AA C , and DHA C for any given headgroup, s may be calculated from Table 4 . Among lipids with both an AA and a DHA chain, therefore, we conclude that the AA chain occupies the sn1 position in 70-90% of molecules in the PE, PA, and PS headgroup classes.
